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ABSTRACT 


This paper summarizes a Langley Aerospace Research Summer Scholars (LARSS) 
research project (Summer 1986) dealing with the topic of the effectiveness of aero- 
assist maneuvers to accomplish a change in the orbital inclination of an Orbital 
Transfer Vehicle (OTV). This task was subject to OTV design constraints, chief of 
which were the axial acceleration ( ASMG ) and the aerodynamic heating rate (HEATRT) 
limits of the OTV* The use of vehicle thrust to replace lost kinetic energy and, 
thereby, to increase the maximum possible change in orbital inclination was 
investigated* A relation between time in the "hover” orbit and payload to LEO was 
established* The amount of plane change possible during this type of maneuver was 
checked for several runs and a possible thrusting procedure to increase the plane 
change and still get to LEO was suggested. Finally, the sensitivity of various 
target parameters to controllable independent variables was established, trades 
between the amount of control allowed, and payload to LEO suggested. 


INTRODUCTION 

The use of the earth's atmosphere to reduce the energy of a vehicle transfer- 
ring from geosynchronous orbit to a low-earth orbit has been discussed by many 
authors; see for example reference 1. In addition to losing energy, aeroassist 
maneuvers can also be used for making orbital plane changes* Many different types 
of maneuvers can be used for braking/plane changes depending on the lift to drag 
ratio (L/D) of the vehicle. 

In this paper, a specific maneuver for a vehicle with a maximum L/D of *45 is 
studied. The vehicle used is described in reference 1, and a sketch of it is shown 
as figure 1. During this maneuver, the vehicle descends to a perigee altitude based 
on an allowable maximum heating rate. When the vehicle reaches the desired perigee, 
the bank angle is varied so that the vehicle stays at approximately perigee altitude 
for a specified period of time. The vehicle will be close to maximum dynamic 
pressure at this altitude, and so the forces for braking or plane change will be 
greatest during this maneuver. After losing energy in this orbit for a specified 
time, the vehicle will initiate a maneuver to exit the earth's atmosphere to a 
specific low-earth orbit. 

The purpose of this paper is to discuss the trades between time in the maneuver 
orbit and thrust to get to the specified low-earth orbit. The issue will be "what 
payload can be delivered to low-earth orbit while meeting other mission con- 
straints?" The paper will also discuss the sensitivity of the maneuvers to the 
amount of thrusting available for a particular mission. These sensitivities will 
also indicate how accurately the maneuvers must be performed leading to specifica- 
tions on guidance and instrumentation systems. 


TOOLS AND METHODS OP INVESTIGATION 

The computer program used in this investigation is the Program for Optimizing 
Simulated Trajectories (POST). This program was written in the late seventies and 
has been revised extensively. Details of the basic program are given in refer- 
ence 2. The runs used in this investigation begin at a geosynchronous orbit, 
transfer through the earth's atmosphere for braking, and end in a low-earth orbit. 
The following scenarios and program steps are common to all runs. 



The Orbital Transfer Vehicle (OTV) thrusts until ALTP (projected altitude of 
perigee) becomes equal to the assigned (variable) value, thus freeing the OTV from 
an initial circular geocentric orbit and placing it on an elliptical trajectory. 

Once this is accomplished, the thrusting is ceased and the angle-of-attack (ALPPC) 
is changed to an assigned value. The elliptical trajectory will intercept the 
atmosphere near orbital periapse and commence the aeroassist maneuver. The atmos- 
phere is entered into the modeling process as soon as the OTV has descended to an 
altitude of 400,000 ft. The OTV is allowed to fall through the atmosphere without 
further manipulation until the flight path angle attains the value of zero (ideally 
this should occur at an altitude of approximately 250,000 ft. if the angle-of-attack 
has been properly chosen). Once this happens, the steering guidance option takes 
over temporarily to hold the flight path angle equal to zero while varying the bank 
angle to accommodate this. (The use of any other steering variable, other than the 
bank angle as the independent control variable, achieved nothing worthwhile - 
usually resulting in wild output as the computer "struggled" to meet its dictates). 

For the thrust cases, the steering guidance phase (i.e., the "hovering" phase 
where the flight path angle is held to zero) lasts for a specified time and is 
followed by various types of thrusting/maneuvering schemes. For the nonthrust 
cases, the steering guidance phase lasts only so long as to allow the OTV to possess 
enough kinetic energy to reescape, via setting the bank angle back to zero and the 
angle-of-attack to a favorable number after the "hovering" phase has ceased. The 
details of the individual runs are described later. 


PROGRAM PRINCIPLES THROUGHOUT THE OSAGE OF THE POST PROGRAM 


The line numbers and variables referred to are from the NAMELISTS given in the 
appendix. The run numbers associated with the name lists correspond to the runs 
summarized in Table I. 


1 . The name of the variable to be monitored (minimized) was "measureable 

acceleration" (i.e., AS MG: see line Number 26). 

2. The technique used for "search/optimization" was the "accelerated projected 
gradient" method (see line Number 5). 

3. The "constraint variables" (line Number 9) were ALTA (the projected altitude of 
orbital apogee) and HEATRT (the aerodynamic heating rate). Both variables were 
held to +/- 10 units. 

4. The "control variables" (line Number 15) were CRITR (event criteria) and BNKPC 
(the vehicle bank angle). 

5. Initial values of the following variables were always as such: 

Initial Altitude (ALTREF) = 19323 n. miles, perigee altitude { ALTP) equals 
the apogee altitude ( ALAA) 

(i.e., the initial orbit is circular) 

Azimuth Reference (AZREF) = 90 degrees 

Vehicle Reference Area (SREF) = 153.94 square feet. 

Orbital Inclination (INC) = 0.0 degrees 
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Guidance (TGUID) = 3,0,1 (i.e.: Euler Steering) 

Angle-of-Sideslip (BETPC(I)) = 0 degrees 
Bank Angle (BNKPC(I)) = 0 degrees 
Angle-of -Attack (ALPPC(I)) =180 degrees 
These are the conditions that exist from the assumed geosynchronous orbit. 


RESULTS AMD DISCUSSION 

This study was developed in two phases. The first was to determine the minimum 
perigee altitude possible given a specified heating constraint. The second was to 
examine the effect of spending different amounts of time in an almost constant 
altitude "hover” trajectory. 

The first phase of the study considered the maximum penetration into the 
atmosphere possible on a return from geocentric orbit (GEO) before allowable peak 
heating rates are reached. This penetration established the minimum perigee alti- 
tude for the aerobraking orbit during a return from GEO. The heating rate was 
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referenced to a unit sphere, and a target heat rate of 180 btu/ft -sec was estab 
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lished with an absolute maximum of 185 btu/ft -sec. A fixed angle-of-attack was 
held during the atmospheric entry. These conditions in combination with the weight 
and aerodynamics of the subject vehicle resulted in the projected perigee altitudes 
shown in table II and figure 2. 

The figure and table show qualitative trends that were predictably demonstrated 
in run after run for three of the POST parameters. Table II does not present every 
computer run that was performed, but because the same trends were uniformly and con- 
sistently observed, the displayed range of iterations will be sufficient to convey 
important relationships. As can be seen from figure 2, the periapse altitude is far 
more potent a parameter for adjusting the aerodynamic heating rate than is the 
angle-of-attack. It should be noted that as a control effort, all of the samples 
(data points) have been taken from corresponding segments of given runs where the 
bank angle ( BNKPC) was equal to the constant value of zero. 

It can be noticed from the diagram that most of the angles -of -attack were 
chosen less than 55 degrees or greater than 40 degrees. The reason is that 
angles-of-attack out of this range tended to cause several variables (especially the 
bank angle) to experience wild fluctuations which indicated that the computer was 
having difficulty satisfying those input values. It should also be pointed out that 
for the thrust cases, the angle-of-attack was usually chosen to be near 53 degrees. 
This value was the value which produced the greatest coefficient of lift and was, 
therefore, useful in achieving the maximum plane change from banking maneuvers. For 
nonthrust cases where conservation of kinetic energy was paramount, the angle-of- 
attack was usually chosen to be near 45 degrees. This value is the value which pro- 
duces the greatest ratio of the lift coefficient to the drag coefficient and was, 
therefore, believed to be best for slicing through the atmosphere with minimal 
energy loss. As with most phenomena, however, there is a trade-off involved with 
this even though the OTV may be better suited aerodynamically for conserving energy 
utilizing the 45-degree angle. It should be remembered that the OTV penetrates 
significantly farther into the atmosphere than it would using angles with greater 
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lift coefficients. This causes the OTV to encounter an atmosphere of far greater 
density during the descent and could significantly exceed the allowable heat rate. 

As seen, some of the combinations of angle-of-attack and projected perigee 
altitude resulted in braking orbits that exceeded that allowable heat rate. The 
exact optimal angle for the nonthrust cases was not decided upon due to time con- 
straints, and the angle-of-attack versus heat rate trade-off is one area where 
further research should be conducted. Based on these results, an angle-of-attack of 
53 degrees was held throughout the atmospheric pass phase of each mission. This is 
shown in Table II as an alpha of 53 degrees during entry and an alpha of 53 degrees 
during exit. 

In phase two, the "hover” trajectories entered just after perigee were 
examined. Several mission scenarios were used. All runs began from a geocentric 
orbit and ultimately were to end in a low-earth orbit. However, so that the sensi- 
tivity of various parts of the trajectories could be analyzed, some of the runs were 
stopped when the vehicle escaped the atmosphere (400,000 ft. altitude) and the 
conditions were noted. 

Three mission objectives were considered, and they were all related to the time 
the vehicle stayed in the so-called "hover" trajectory. The first mission was to 
determine how long the vehicle could stay in the "hover" trajectory and still get to 
400,000 feet without thrusting and then how much thrust was required to get the 
vehicle into a LEO with a 160-nautical-mile apogee. 

The second mission was to determine how long the vehicle could stay in the 
"hover" trajectory and still escape to a LEO with a 160-nautical-mile perigee with- 
out any thrusting. The third mission was to determine, if the vehicle stayed in the 
"hover" trajectory for 300 seconds, how large a plane change would be possible and 
how much thrust would be reguired to get the vehicle to a LEO with a 160-nautical- 
mile perigee. For all missions, the LEO must be circularized to a 160-nautical-mile 
orbit. The major constraints on the missions are that the heat should not exceed 
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185 btu/ft -sec and the final vehicle weight must be 10,000 pounds. 

The first mission scenario will now be discussed. The summary of run 3 from 
table I indicates that the vehicle could stay in the "hover" trajectory for 149 
seconds and still escape to the edge of the atmosphere without any thrusting. Then, 
with 10.6 seconds of thrusting, the vehicle could be put on a trajectory that would 
have an apogee of 160 nautical miles. This trajectory would require a delta 
velocity of 483 ft/sec for circularization, leaving a vehicle weight of 17,900 
pounds. The bank angle sequence required to meet the mission requirements resulted 
in a plane change of 3.29 degrees. 

The second mission, when thrust was used before circularization, had a "hover" 
time of 128 seconds. After circularization into a 160-nautical-mile LEO, the final 
vehicle weight was 19,288 pounds. Because of the shorter time in the "hover" orbit, 
the plane change that resulted was 2.86 degrees. 

The third mission allowed the vehicle to stay in the "hover" orbit for 300 
seconds and then thrust was required to get the vehicle to a 160-nautical-mile 
apogee. At apogee, thrust was again added to circularize the orbit. The thrusting 
to obtain a 160-nautical-mile apogee occurred in two ways. First, a single burn 
occurring after the 300-second "hover" was used to get the vehicle on a trajectory 
with a 160-nautical-mile apogee. In the second case, a two-burn sequence was used. 
The first burn was just long enough to get the vehicle to the edge of the atmos- 


4 



phere; then, the second burn put the vehicle on a trajectory with a 160-nautical- 
mile apogee. Run 11 of table I summarizes the results of the one burn mission. The 
energy loss associated with performing the burn in the atmosphere is apparent. The 
bum time is long, and, even though the vehicle gets on a trajectory with a 
160-nautical-mile apogee, the orbit that the vehicle is on has less energy than 
those of missions 1 and 2 • Therefore, a large velocity change was required for 
circularization. The final vehicle weight was very close to the 10,000 pound 
minimum acceptable weight. The longer time in the "hover 1 * orbit resulted in a plane 
change of 10.84 degrees. 

The two bum missions were of two types. Both burned once in the atmosphere to 
ensure that the vehicle would reach the edge of the atmosphere and then a second 
time to get the vehicle into an orbit with the desired apogee altitude. The burns 
were performed in two ways. In run 8, the burns were in the orbital plane and were 
designed to get the vehicle to a specified apogee altitude. In run 15, the burns 
were not only designed to achieve a specified apogee altitude but also thrusted out- 
of-plane to increase the plane change for that mission. The NAMELISTS showing the 
differences in the instructions to the computer for runs 8 and 15 are given in the 
appendix. Although no effort was made to optimize the vehicle attitude during 
run 15, this run was clearly superior to run 8. As seen from the run summaries of 
Table II, the burns used in run 8 actually reduced the plane change possible from 
the aerodynamic forces during the 300-second "hover." While the burns achieved the 
mission objectives, their implementation as specified in the program NAMELIST 
resulted in a reduced plane change. Also, even though run 15 gave an increased 
plane change and had a longer burn, the resulting orbit had more energy at apogee 
than the run 8 orbit so that the circularization thrust was less. The end result 
was that run 15 had a greater plane change and still delivered more weight to the 
160-nautical-mile LEO. The reason for the differences between runs 8 and 15 have 
not been completely examined, and determining why run 15 was as successful as it was 
is an area for further study. 

For comparison the fuel used for an impulsive maneuver was calculated. The 
impulsive maneuver was split into two parts for easier comparison, however, this is 
not an optimal transfer. The fuel required for a 10° plane change was about 3,000 
pounds, where a Hohmann transfer between GEO and LEO required about 16,000 pounds of 
fuel. An all-impulsive transfer and 10 degree plane change could use as much as 
19,000 pounds of fuel leaving 8,500 pounds of payload. However, if the transfer was 
done using an aeroassist maneuver and a 10 degree plane change was done impulsively, 
the result could be a total plane change of 12.86 degrees with over 16,000 pounds in 
final orbit. Additional information on the aeroassist and direct impulsive 
transfers are given in references 3 and 4. 

A feature of POST is the calculation of the sensitivity of the target variables 
to variations in selected independent variables. For the missions examined, the 
target variables were final apogee altitude and maximum heat rate, and the independ- 
ent variables considered were perigee altitude of the entry orbit and bank angle. 

The sensitivities are summarized in Table III. The most important fact illustrated 
in Table III appears to be that the fewer controls available, the more sensitive the 
error in perigee altitude. If perigee is missed by 1 nautical mile, then apogee 
would be in error by 287.8 nautical miles. More significantly, if apogee is to be 
attained to within 5 nautical miles, then perigee must be attained to within .058 
nautical miles. The other runs where thrust is added are not sensitive to perigee 
altitude. These results illustrate the trade between payload delivered and system 
sensitivity. By adding thrust, a less accurate guidance system can be used, but at 
the expense of payload delivered. The heat rate is a function of perigee altitude. 
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and the perigee is reached before any thrusting is initiated* The table shows that 
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a 1 -nautical-mile error in perigee will result in a 10 btu/ft -sec change in heat 
rate. Halving these numbers would give a more acceptable heat rate error, and a 
perigee error of this magnitude is not unreasonable. The trades implied by Table 
III are areas for further study. 


CONCLUDING REMARKS 

Follow-up research continuing the work commenced within this paper can be 
continued along several avenues. One such avenue is experimentation with the use of 
criterion variables other than those which can be discontinuous (such as ALTA); 
another avenue of future research might be an investigation of why or how the 
propellant burned reaches a maximum value and then falls off when attempting to 
achieve the goal of plane change via thrusting (see run 15 and Table I). One more 
area that deserves further observation is that of devising better algorithms or 
"schemes" for using thrust to achieve various ends (this is related somewhat to the 
above suggestion that the criterion variables being used should be reconsidered). 
Much further research can be done concerning the best choice of variables to be 
included under the POST input file section entitled "CONTROL VARIABLES" (see line 
number 15 of any of the enclosed programs in the appendix). It has become evident 
that when the ideal or optimal input is not known, then one should keep the 
variables included in this section to a minimum. As one closes in after many 
iterative attempts to the desired output goal, then more variables can be safely 
classified as control variables. 

The current study has established a relation between perigee altitude of the 
braking trajectory and the heat rate on the vehicle. The method of braking 
involved staying in a "hover" orbit, where the change in flight path angle equals 
zero, for specified periods of time to lose energy. The effect of plane changes was 
investigated. A relation between time in the "hover" orbit and payload to LEO was 
established. The amount of plane change possible during this type of maneuver was 
checked for several runs and a possible thrustinq procedure to increase the plane 
change and still get to LEO was suggested. Finally, the sensitivity of various 
target parameters to controllable independent variables was established, trades 
between the amount of control allowed, and payload to LEO suggested. 
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APPENDIX 


NAMELISTS FOR SELECTED RUNS 


« 


$ 


1 



RUN 3 


ORIGINAL PAGE IS 

i«sf*»ch OR POOR QUALITY 

P*T — 1* 

OPTVA P-6HXMAU *>:AX!TP-l*PCTCC-.ul* 

PERT*. 01*. 1*. It. It. It 

S»CHK • At 9 ACCELEPATFD PROJECTED GRADIENT 
0*TRH -10GO* 

C COKTRAINT VARIABLES • 

NDFPV • 2* 

Dc° V° - 6HALTA * 6HHE ATRT # 

OEPVAL -161*1P0# 

OfcPTL *10*10* 

DEPPH -100G*A0* 

C CCMPOL VARIABLES 

NI KDV- 3# 

INDVR-6HCPITP toH9NKP:i,6HCPIT« t 
U- Ac ,3 900000* 0 .0* 1 A3 * 

JNDPH.30#50* 50* 

A 

LAGENDAT 
NPC(l)-3t 
NPC f 15 1 -1 1 

PRNmn-OPXNAXl # feHALPHl *6HP£TAI * 6HB ANK I ,MTJ"RF1 * 5HVEL AO# 8H*>$T0P* 

NPC ( P ) -0* 

NPC<* )-G* 

NPC<3>*5* 

MONX-AHASHT, 

NRC<12>-3*ALTR£*-19323*AZREF-90» 

LATPEF«CtLnNPEF«Ot 

SRFF-133.9A* 

TITLE -0HAN017AF** 

EVENT-lt PRNC-lOOOOt 
FESN-ltOO* 

OT-IO* 

PINC-IOOCf 

ALTA-19323, 

ALTP-19323* 

TRUAN-O, 

1NC-0* 

ARGP-O* 

LAN-t* 

PGCLAT-Ot 
WGTSG«27500.Ct 
IGUID-3tOtlt 
ALPPC (1 > ■ 1 f 0* 

BE T®C m-o. 


1 

2 



1A 

1* 

16 

17 

IP 

19 

20 
21 
22 
23 


2 A 

— 23 
26 

— 27 
20 

29 

30 

— 31 

32 

33 
3A 
33 

36 

37 
3B 

— 39 
AO 

— A1 
A? 
A3 
AA 
A3 


9NKPC(l>-0* 

A 

l ATPLPLT * 

LATAB TABLE -3HCIT,1*5HAIPHA*16#3M# 

0# .31 727* A*. At 391, 8*. 30023*12 *.5635 A, It*. 66B5A* 20*. 0OP37, 

2A# .97Ab8*?B*l.ir>7AA#3?,1.3A? 6A# 36, 1. 32 768* AO* 1 .69200* 

AA#1.B2750*A8,1. J2A21* 32# 1.07332* 3f *1. 96b70#60# 1.9031 A, 

I 

LATAB TABLE-3HCDT*1*?HALPHA*16*3*1, 

0* 1.32732* A* 1. 630 A6*B*.« 73721* 12*1 .633A2* 16# 1.69509* 20* 2. 16002* 
2A,2.357A9#2B*2.^902A,32#2.BtCA2*?fc*3.l66l5*A0*3.3l0P7* 

AA# 3. 06398* AB* A. 2P0A1*? 2, A. 69117* 36* 3.1 t3P 3* 60* 8. 3 1361* 

ENDPHS-l A 

lagenpat 

tVfNT-2O*CPITP*0MTIME tVALUC -20* OT -1* PINC -2C0*NPC ( 9 1 *1 A 
LATBLNLT 
1 

LATAB 

TABLE -6HTVC1T *0*A6000 A 
L AT A3 

T ABLE -6HVP*T *C#1CU*ENDPHS-1 A 
LAGENDAT 

EVENT«30#CPITR«6HALTP *NPC <9 >-0* DT-1CI C# I GUlH. 0*0* 1* PJNC -10000* 

NPC (2 ) ■ A , 

AL*»PCCn-53*ENOPHS-l A 

LAGENDAT 

EVFNT.35#CPITR*6HALTI T% VAL U* • AOOCOC* NPC < 3 >• 2*NPC (8) -2* *!NC-10* PRNC*0* 
NPC 1 2 ) • 1 # 0 T-l * 

ENPPMS-1 *0TIHR-1 A 

LAGENDAT 

f VENT-A0*CPITR-6^GAP^A!*VALU! • J* NO E PVS ■ 1* 0 E PVR 5 ■ 5HG AN Ap, DE PVl $-0. 

OFPTl S-. 01* US -90* ALPPCm-;3>ENDPHS-l*INDVPS-6M9NK*Cl * 

LAGENDAT 

EVE NT -5C*CRITR-5HT0UFP* VALUE- 1*5* NDE P VS-u# 

ENDP^S-1 1 
l AGF NP AT 

E VI NT-60*CRITR-6HAL TITO* VALUE -*GOGOC*N«>C < 9 ) - 1, F NPPHS -1 A 
l AGF NP AT 

EVFNT-70*CF ITP-A^ALTA, VALUf -It j#NPC <9j.t,ENPPHS-l * 

LAGENDAT 

tVFNT.1000*CA!TR-6HGAmAI*VALUE-G*FNDPMS.l,fNDPPB-ltE*DJnB-l A 


A6 
A 7 
AP 
AO 

50 

51 
3? 
33 
3 A 

55 

56 
97 
3 P 
39 
60 
PI 
62 
63 
6A 
65 
6P 
67 
6B 

69 

70 

71 

72 

73 
7A 

75 

76 

77 
7B 
79 
BC 
B 1 
•2 
S’ 
M 
8! 
06 


8 


RUN 6 


ORIGINAL page is 
OF POOR QUALITY 


“ " LSSEARCH 
0PT--1# 

0PTVAR-6NXHAXI ,HAXITR-1#PCTCC-.01* 

PERT-.01#.1#.1#.1##1# 

SUCH H ■ 4| / ACCELERATED PROJECTED GRADIENT 

ORTRH -1000# 

c constraint variables 

NDERV • 2# 

DEPVR • 6HALTA #6HHE ATRT# 

DEPVAL -16C#1BC# 

DEPTL -10#10# 

DEPPH -1000# AO# 

C CONTROL VARIABLES •** 

NINDV-3# 

INDVR-6HCRITR #6HBNKPC 1# 6HCRITR # 

U- 40*3900000# 0* 0# 133# 

INDPH-30#30*50* 

1 

LSGENDAT 

- NPC < 1 ) -3# 

NPC ( 15 ) -1# 

PRNT ( 91) -6HXHAX1 #6HALPHI #6HBETAI #6H6ANKf #6HTI flRFl #3HVELAD#3HPST0P* 
NPC( B)*0# 

NPC (3 )-0# 

NPC (3) -3# ' “ ' * — 

H0NX-4HASHG# 

NPC(12)-3#ALTREF-19323#AZREF-90# 

L ATREF-0#L ONREF-O# 

SREF-153.94# 

TITLE-0H4JUL17*# 

EVENT -1#PRNC -10000# 

' FESN-1000# 

DT-10# 

P1NC-1000# 

ALTA-19323# 

ALTP-19323# 

TRUAN-O# - ' “ • * ** 

INC-O# 

AR6P-0# 

IAN-0# 

POCLAT-0# 

V6TSG-27300.0# 

~I£UID-3#0#1» 

ALPPCm-lBO# 

BETPCUI-O# 


1 

2 

3 

A 

3 

6 

7 

• 

9 

10 

11 

12 

13 

14 
13 
16 
17 
IB 

19 

20 
21 
22 

23 

24 
23 
26 
27 
2B 

29 

30 

31 

32 

33 

34 
39 

36 

37 
36 

39 

40 

41 

42 

43 

44 
43 


BNKPCID-O# 

1 

xstblhit t 

L3TAB TABLE-3HCLT#1#3HALPHA#16#3*1# 

51727#4#. 48391*6*. 50023#12#. 56334*16# • 66B94#20# .BOB 37# 

24# *974 6B# 2S# 1*13744# 32# 1*34564# 36# 1 *92760# 40# 1*69200# 

44# 1* 62750# 46# l • 92421*52# 1 .97352# 96# 1*96670# 60 #1 *90314# 

3 

LSTAB TABLE-3NCDT#1# 5H ALPHA# 16# 3*1# 

0# 1 *52732# 4# 1 *63040# 8# 1 . 73721# 12* 1 . 85542# 16# 1 *99309# 20#2 *16062# 

— ~?4 #2 *35749#28# 2*99024#32#2 *86042#36#3 *16613 #40#3. 51 OB 7# 

44*3, 68396*46# 4. 26041*52# 4. 69117*56# 5. 105 B3#60#3. 31361# 

ENDPHS-1 3 
LSGENDAT 

E VENT-20#CR ITR-6HTINE # VALUE-20# DT-1# PINC -200#NPC f 9 1-1 3 
L6TBLHLT 
t 

lstab 

TABLE-6HTVC1T #0*46000 S 
LSTAB 

TABLE-6HV01T #0# 100#ENDPHS-1 S 
LSGENDAT 

EVENT-30# CRITR-6HAL TP #N?C (9) -0# OT -1 000# I GUID-0#0#1# PINC -10000# 

NPC (21-4# 

ALPPCI1I-53#ENDPHS-1 * 

LSGENDAT 

• EVENT-35#CRITR-6HALTIT0# VALUE -400000# NPC C 51 -2# NPC (BI-2#P INC-10# PRNC-O# 
NPC C 2 ) -1#DT-1# 

ENDP HS -1# DT INR-1 S 

LSGENDAT 

# EVENT-40#CRITR-6HGANNAI#VALUE-0#NDEPVS-1#DEPVRS-5HGANAO#DEPVLS-0# 

DEPTL S-# 0001 *U$-90# ALPPC (11-93# FN0PHS-1* INDVRS-6H6NKPC1 3 

LSGENDAT 

E VENT- 50# CRITR-5HTDURP# VALUE -133# NO EPVS-O# 

ENOPMS-1 S 
LSGENDAT 

EVENT-60#CR1TR-6HAL TITO* VALUE-400000# ENDPHS-1 3 
LSGENDAT 

EVENT-1000# CR1 TR-6HG ANN AI#VALUE-0# ENDPHS-1# ENDPRB- 1# END JOB-1 S 


46 — 

47 — 
4B — 
49 — 

30 — 

31 — 

32 — 
93 — 
54 — 
53 ~ 

36 — 

37 — 

98 — 

99 — 
60 ~ 
61 — 
62 — 

63 — 

64 — 

65 — 

66 — 
67 — 
6B — 

69 — 

70 ~ 

71 — 

72 — 

73 ■ 

74 ~ 
73 ~ 

76 — 

77 ~ 
7B — 
79 — 
to — 
B1 — 
62 — 
B3 — 
64 — 
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II ! 1 1 M I I I 1 1 1 1 I I I I I I M I I 1 1 M I I 1 1 I I I 1 1 I I M M I I 



RUN 8 


USE ARCH 
OPT — 1» 

ORTVAR-ftHtHAH # Y AX 1TR* 3# PCTCC ■ • CM# 

PE«T*.01#.l,.l#.l#.l# 

SRCHH • A , / ACCELERATED PROJECTED GRADIENT 

OPTPH •1000# 

C ••• CONSTRAINT VARIABLES 
NDEPV • 2# 

DEPVR • tiHAlTA #6HHE ATRT# 

DEPVAL -7ft#l*0# 

DEPTt *10#% 

DEPRH *55#4l, 

C CONTPOL VARIABLES 

NINDV*2# 

iNDVP-fcHCRJTR #6H«NKRfl# 

U- 40.39C00C0#O.C# 

INDPH-3C#«0# 

4 

L1GENDAT 

NPC(l)-3# 

npcu;>-i# 

RR NT 1 91 ) *6HX*1A XI # 6HALPHT #6MBET Al # bHBANKl # 6HTINRF1 # 5HVEL AD# 3HP5T OP# 
NPCm-O# 

NPC!5)*0# 

NPC (3)-5# 

H0NX-4HASNG# 

NPC 112 )-3t AlTPEF -19323# AZREE-90# 

LATREF*0>LONRFF*0# 

SPEF-1B3.9A# 

TITLE* 0H4LA5T22- AN SWERINK 0 NO 2A*# 

EVENT- lfPPNC-10000# 

F ESN* 1 000# 

DT-10# 

PINC-1000# 

ALTA-19323# 

Al T P*l°323# 

TPIIAN-O# 

INC-O# 

ARGP*0# — 

lan-u nWGINAL PAGE is 

PGCLAT-O# 

vGTsr-27S00.0, m f POOR OUMvUt 

IGUID*3#0,1# VU 

ALPRCm-l«0, 

BFTPCCD-O# 


1 

2 

3 

A 

3 

6 

7 

* 

9 

10 
11 
12 
13 
1 A 
13 
10 
17 
16 

19 

20 
21 
22 
23 
2A 
23 
26 
27 
26 

29 

30 

31 

32 

33 
3A 
33 
3b 

37 

38 

39 
AL 
Al 
A2 
A3 
AA 
A3 


BNK PC Cl ) *0# 

f 

LfTBIHLT 4 

LITAS TABLE»3HCLT#l#«HALPHA,lb#3M# 

0/ *31727# 4# . 48391 #P# .5l»C2T#12# .36?? 4# lb# . 66654 # 20# . 60637# 

2*# .974 8ft #28 #1.15 ^44, 32# 1.345 64, 36# 1.52768# 40# 1.69200# 

44 #1.P?730# 46 #1.9 24 21# 52 #1.973 52# 56# 1.96870# 60# 1.90314# 

♦ 

L4T Aft TAPIE-3HCD T #1# 3HAL PHA# lb# ?*1# 

0#1.5?T32»4#l,b3046# ft# 1. 73^2!, 1?# 1.55542# 16# 1.995C9# 20# 2. 16062# 

24# 2, 3574 9#2P# 2.19024,3 ?#2.t 6042# 36# 3.1681! •» 40# 3.51067# 

44, 3. PP 39b# 48# A. 2«04l# 52, 4. 691 17# 56# 5. 1C 58 3# 60# 5.51361# 

ENOPHS-l 4 
L4GEN0AT 

EVENT -20#CRI TP* 6HTI**f # VALUE *20#DT*1# R1NC-20*#NPC C 91*1 $ 

LiTfttHLT 

4 

L4TA6 

TABLE-6HTVC1T #C#4600C 4 
L4TAB 

TA8LE-6H0DIT #0#10u#EN0PHS*l * 

L4GENDAT 

EVENT*30#CRITR*6HALTP # N P C ( 9 ) -0# DT- 1000# I GUI U*C#0# 1#P INC ■ 1COOO# 
NPC(2>-4, 

ALPPC<l»*5i#TNOPH5*l 4 
I 4GEN0AT 

EVENT*35#CRITR.6HALTITa#VALUE*400(0G#RPCC5)*2#NPCI8»*2#PINC*l0#PRNC*0# 
NRC ( 2 ) • 1# OT. X # 

ENDPHS-1#0TINR*1 « 

L«GENDAT 

EVE NT *40# CP I TR-6 U GAHKA!# VALUED# NOFPVW # DEP VPS ■ 5HG AM AD# DE PVLS-O# 

OE PTL 5*. 0001 # US-90, ALP p CU) *5 3 #EN0PKS-1#INDV®S*6H8NKPC1 4 
14GIN0AT 

EVENT*50#CRITR*‘ wT DURR# VALUE • 300#HD£P Vi *C# 

ENDPHS*i#NPC(9)*l 4 
L4GEN0AT 

EVFNT*45#CR1 JR*6HA l T A # VALUE *7® #HRC < 9 1*0# ENOPHS-l 4 
L4CENDAT 

EVENT*60#CRlTR*6M A LTITn# VALUf *40oOOC#NPC (4)*i#£NDPHS*l 4 
L4GEN0AT 

FVENT.90#CRTTP*6HALTA # V AL*'C • If C# N®C ( 9 1 *0# f NORMS *1 4 

L4GEN0AT 

r VENT-1 CrO,C® I Tr 3 # V A l »»* » C, F ‘‘DP* ft * 1 # E UD p HS • 1 , END JOB *3 4 


46 

47 
46 
49 

30 

31 

32 
53 

34 

35 

56 

57 
56 
39 
60 
61 
62 

63 

64 

65 

66 

67 

68 

69 

70 

71 

72 

73 
7A 

75 

76 

77 
7b 
79 
60 
61 
62 

63 

64 
63 
66 
67 
6t 


10 


RUN 11 


^ 7 p £ „ „ 

05 P °OR Q UAUK 


L ft SEARCH 
OPT— 1# 

0PTVAP-6MXNAU ,N/.X ITf -3,PCTCC m *OLl, 

pept-.oi#.i,.i#.i,.i# 

scent • 4 # / accelerated prcjectlc gradient 

optph -lpr^Tx 

C • rOK/T*iAlSTi VARIABLES ••• 

N.T£PV /"?, / 

OEPVf '/- fMfttT'A ,6*H*iEAUT, 
rcpvAt [■ifo*i*£* 
prpTi -i\,*, 

D rpp H V*rl5D,Ar>, 

r C^nTPHL vapiamf* ♦** 

NINDV-A, 

JNDVP-6HCPHr ,6MAr.*rCl,6HALPPei,6HALPPCl, 
u- Ao.ar.rocM ,0.0,53,53, 

INDPH-3r,50,40, so, 

ft 

LftGENOAT 

NPCtl>-3, 

NPC ( It ) ■ 1 » 

PPNT(Q1)*6MXPAX1 ,6HAIPHI ,6HRETAI ,6HBANkI #6HTIHRF1 , 5HVEL AT# 5HPSTOP, 
NPC ( 8 ) -0 , 

-NPCt5l-0» 

NPC I 3 ) -5, 

M0NX-4HASMG, 

NPC (12)-3,#LTPrF-lo323,AZREF-90, 

LATREF-f>,tn*'RFFO, 

SP EF -1 53 • 94, 

"TITLF^OHPJl’tltD^# 

EVENT-1, Pl-NC-10000# 

FESN-10G0, 

OT- 10, 

P1NC-1C50, 

ALTA-19323, 

ALTP-10323, 

TRUAN-C, 

INC-O, 

ARGP-O, 

tAN-C, 

PGCLAT-O, 

VGTSG-27-01 .0, 

I GUI l' - 3,^,1, 

AlPPC<lJ-l«r # 

RF TPC<1 >-0. 


1 

2 

3 

A 

5 

6 

7 

8 
9 

U* 

n 
12 
13 
1 A 
15 
1* 
17 
IB 
19 
2C 
21 
22 
23 
-2% 

25 

26 
27 
2B 

29 

30 

31 

32 

33 
3A 

35 

36 

37 
36 
39 
AO 
A1 
A2 
A3 
AA 
45 


RNKPC C 1 1 -0, 
ft 

IftTBLNLT X 

t3T At TAM.r«?MClT,l, VIALPHA,16#3*1, 

0, .51727, A, .AB3<>1,R, .50023,12, .5b35A , 16, .6tH3 A, 20, . R0837 , 
24,. 9746 F,2F, 1.15744, 32, 1.34 564, 3b, 1 . 52766, AO, 1 . 69200, 
AA,1 .62750, *P,1.92A2 1,52, 1.97? 52, 56,1. At 670, 60,1. 9331A, 


ft 

lstab Tapi fohcpt, i,5haipha,1c>,3*i, 

0,1.52732, A, 1.63046,8,1. 73721, 12, 1.65342, 16, 1.99509, 20,2.16062, 
2A,2.357*9,26,2.39O2A,32,2.P6CA2,36,3.16015,AO,3.51OB7, 

44 , 3 • 08 398, 46 , 4 * 26041, 5 2, 4 . 69117, 36, 5 • lut A3, 60, 3 • 51 361, 


FNDPH5-1 ft 
LftGENOAT 

EVENT-20, CPITP.6HTJPE , VALUE -2C, DT- 1 , PI NC «2G0,NPC 191-1 ft 
IftTBINLT 
ft 

LftTAB 

TABL E-6MTVC 1 T ,0,46000 ft 

LftTAB 

TABLE-6HV01T , D, 1 00, F NOP'IS • 1 ft 
LftGENOAT 

EViNT-3r,CRIT»-6HALTP , NPC < 9 ) -G, Cl* IGOv. ,IG1II D-G, 0, 1, PI NC- 10000, 
NPC 1 2 > -a, 

ALPPC <1 >-53, €U!>P»|$-1 ♦ 


LftGENOAT 

E VENT-35, CP ITP-6HALTITn,VALIiL-ACCCCl , NPC I5)-2,NPCU>*2.PINC-1C,PRNC-C, 
NPC <2 l-l,OT-l, 

ENDPH5-i,rTlPP*l ft 
LftGENOAT 

EVENT-A0,CPn*-6MGArNAI,VAlUL-C,N0f EV W»Dt PV«S-5HGAHA0,0F PVL5-C, 

Dt PTLS- .01 ,US - 90, UPPC U)-33,rN0PPS-l,IKCVPS-6«P»KPCl ft 
LftGFNDAT Sr r ~\ 

FVENT-5O,CP!TP-5HT0UPP, VaUJ^3o( ,NOEPVS-C, 
f NOFHS-1 ,NPC <9)-l * ^ ^ 

LftGENOAT 

EVENT-6C,CPITP-AM.MTA ,VAUF-lt.O,NPCt9|«0,EN0PHS«l ft 
LftGENOAT 

E V f *: T- 1 C , f s ? 7 r • AV *1 M , V A L» ' * ■ ‘ 't » ? i » 1 • f % OPm* • i , » NiM OG • 3 ft 


46 

AT 

AB 

A9 

30 

51 

32 

33 
5A 
35 

56 

57 

58 

59 

60 
61 
6? 
63 
6A 

65 

66 
67 
66 
69 
7( 

71 

72 

73 
7A 

75 

76 

77 

78 

79 
60 
PI 
62 
*3 
PA 
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RUN 15 


lsseapcm 

0PT--1# 

OPTVA^-bHVHAVi ,NAif 1TF -3#pCTCC-.OGl# 

PEPT«.fl#.l#*l#.l#«l» 

S*CH* -A, / ACCUEPaTFD PROjF CTt 0 GRADIENT 

HPTPH »lroo» 

c CHNSTPAINT variables 

NiHPV />#\ 

DcPVP ¥ EHiiSTA # 6HHF ATPT# 

Dt PV At bltXflf^p 
DfcPTl * 1 CU 5 # ) 

OEPPH VirCw/Aj, 

C ♦ CONTWll VAPlA«lfS *** 

NINDV-3# 

I NO VK -6MCR I T P # 6MPNKPC 1# 6NBNK PC 1 # 

U- 4O.3*C00f C#90,0#0*0# 

1NDPh-30#50#55# 

S 

HGENDAT 

NPC(l>-3# 

NPC C 15 ) • 1# 

PPM ( 9J ) •hHK*' AXl # 6F. AL P HJ # 6HBF T A I # 6HB ANK I #6HTlH*tFl # 5HVEL AD# 5HPS TOP # 
NPC(8)-C# 

*PCf 5)-C* 

NPC(3>-5# 

NUNX-4HA5NG# 

NPCU2)«3#ALTPFF-1Q3?3#aZP€P»90, 

L AT PE F ■ 0# LOKPrp «0# 

SPtF-153.9^# 

TITLt*OH*r»n^?P-TvO B«'RN DFLTA I NAXR# 

FVENT-l#PPNC-lonOO# 

FESN-1000# 

DT-lc# 

P INC -1 OC 0# 

ALT A-1932 3# 

ALTP-19323# 

TKUAN-O# 

INC-O# 

APGP-Ci# 

LAN-0# 

PGCLATO# 

WGTSG-27500.0, 

1GUID-3#0#1# 

ALPPCCD-ieC# 

BE TPC 1 1 1 *0# 


1 — 
2 — 

3 — 

4 — 

5 ~ 
t — 

7 — 

8 — 
9 — 

10 — 
11 — 
12 — 
13 — 
1 A — 

15 — 

16 — 
17 — 
16 — 

19 — 

20 — 
21 ~ 
22 ~ 

23 — 

24 — 

25 ~ 

26 — 
27 — 
26 — 

29 — 

30 — 

31 — 

32 — 

33 — 

34 — 

35 — 

36 — 

37 — 

38 — 

39 — 

40 — 

41 — 

42 ~ 

43 — 

44 — 

45 ~ 


BNKPCI1I-0# 

% 

15 TbL Wl T f 

LJTAB TABLf«3MCLT#l#5HALPHA#l6#3*l# 

0# .51727# 4 #.4 8391, 8#, 5002 3# 12# *56354 #16# .668 54# 20# . 60937# 

24# .97468# 2P#1.15 7 44#32#1 .34564# 3 6# 1*527 66 #40# 1.692 00# 

44#1. 82750#46#1.9?42l# 52# 1.97352# 56# 1.9 (. 670# 6J#1.90 314# 

% 

L ST Ad TABLE -3HCDT#l#5HALPHA#lf #3^1# 

0# 1.52732# 4# 1 .63046# 6# 1.^3721 #12# 1.6^542 #16# 1*99509# 20#2* 16082# 
24# 2. 3 5749# 26 #2. 59024# 32# 2* t 6042# 36# 3* 16615# 40# 3. 51 087# 

4* # 3. 8H39P, 4 P# 4. 2*041# 5 2# 4. 691 17# 56# 5 • 10 583# 6 J# 5. 61361# 

FNDPHS-1 5 
L4GF NOAT 

EVF NT-20# C PIT* -OMTJtfE # VAL tit -2( # OT- 1# PI NC • ?OD#NPC f 9 1 -1 $ 
lttblnlt 
s 

L ST AB 

TABLE-6HTVC1T #0#46(.O0 * 

L«TA8 

TAbLE-OHw^lT #0#1GG#EN0PHS-1 % 

L*G£nDA7 

EVENT- 30#CPITF-6MALTP # NPC < 9 ) -L # OT- lCOG# IGUJ D-w# 0# 1 9 PINC- lOCtO# 
NPC<2)-4, 

ALPPC 1 1 ) ■ ?3# F^OPhS-I $ 


LfGtNDAT 

EVCNT-35#CP]TP-6MALTITn#VALUt-4C00l0#NPCt5)-2#NPC<8)-2»PlNC-lC#PPNC-0# 
NPC I2)-1#DT-1# 
kND p HS-l#OTl*»fc-l % 

LSGLNDAT 

FVtNT-40#CP|TP-NNGANrtAl#VALUfO#N0FPVS-l#Df PVPS-5HG AiAD# OE PVL 5-0* 

DE PTL$-.P001#l»5-9O # ALPPCaj-52#IN0PHS-l# INDVRS-6HBNKPC1 » 

lsgtsoat 

LVf NT-5J#CPlTP-5HTnimP# VAHII -300# NOE P V$ -C# 

FN0PHS-1#NPC (9)-l#8NKPC <1 >-90 1 


L SGf.NDAT 

FVFNT.55 # CPl7P*6NWtlGHT#VALtl 


NDPhS- 1# dNKPC 1 1 1 *G 


L'GFNDAT ^ 

f V£NT-57#CP!7P-6MAtTA # V ALUt • 78 # NPC ( 9 ) • C# END PHS-1 % 
LSGINPAT 

E VF NT-60# f PIT* -SHAL TITO# VALUE- 41 3*10# NPC <9 |-1#EN0FNS-1 


L4GFNDAT 

EVl ST-65#CP1 TF-6HALTA # V ALUt • 16 0#NPC < 9 ) -0# FNDPHS • 1 * 


* 


t 


LSgFNOAT 

rw§ . t»; .»•' * ,C r A**/! * V P Li-F » * * F M>F » l ' « 1 , *■ N^Mi, * 1 , F * t» JOP • 1 


5 


46 — 

47 — 
4b — 
49 — 
5C — 

51 — 

52 — 

53 — 

54 — 

44 — 

56 — 

57 — 

58 — 

59 — 

60 — 
61 — 
62 — 

63 — 

64 — 

65 — 

66 — 

67 — 

68 -* 

69 — 

70 — 

71 — 

72 — 

73 — 

74 — 

75 ~ 

7 6 — 

77 — 

78 — 

79 — 
60 — 
81 — 
62 — 
83 — 
54 — 
65 — 
86 — 
P7 — 
8“ — 

89 — 

90 — 
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TABLE II QUALITATIVE BEHAVIOR OF PARAMETERS * HEAT RATE* 
PERI APSE, AMD ANGLE OF ATTACK 


Projected Perigee Alt. Heat Rate Angle of Attack 

[ALTP] Nautical Miles [HEATRT] Btu/Ft. 2 -Sec. [ALPPC] Degrees 


37.29 

210 

55 

37.29 

211 

53 

37.29 

213 

50 

37.29 

208 

60 

37.29 

267 

20 

37.29 

206 

65 

37.29 

207.3 

62 

37.29 

209 

57 

38 

218 

40 

38 

216 

40 

38 

200 

60 

38 

209 

45 

38 

203 

50 

38 

199 

55 

38 

211 

45 

40 

189 

45 

40 

182 

55 

40 

189 

45 

40 

182 

55 

40 

185 

50 

40 

184.5 

50 

40 

179 

60 

40 

184 

55 

40 

189 

45 

40 

194 

40 

40 

185 

50 

40 

194 

40 

40.1 

182 

52 

40.2 

181 

54 

40.2 

181 .9 

52 

40.3 

181 .2 

52 

40.3 

180 

54 

40.4 

179.5 

54 

40.4 

180.4 

52 

40.5 

178.7 

54 

40.5 

179.6 

52 

40.6 

177.8 

54 

40.6 

178.7 

52 

42 

161 

55 

42 

160.8 

60 

42 

163 

50 

42 

166 

45 

42 

170 

40 

45 

124.9 

60 

45 

125 

65 

45 

125 

60 

45 

125 

55 

45 

126 

50 
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TABLE II QUALITATIVE BEHAVIOR OP PARAMBVKR8: flSAf RAVE, 

PERI APSE, AMD ANGLE OP ATTACK (COU'T) 


Projected Perigee Alt. Heat Rate Angle of Attack 

[ALTP] Nautical Miles [HEATRT] Btu/Ft. 2 -Sec. [ALPPC] Degrees 


38 

40 

40 

40 

40.1 

40.2 

40.3 
40.3 
40.35 
40.35 
40.5 

41 
41 


201 

55 

189 

45 

189 

45 

189 

45 

182.7 

52 

181 .9 

52 

180.3 

54 

180.3 

54 

180.4 

53 

180.4 

53 

179.6 

52 

179.1 

45 

175.2 

51 


TABLE III SENSITIVITIES 


Run # 

A Apogee Alt. 
A Perigee Alt 

A Apogee Alt. 
A Bank Angle 

A Heat Rate 
A Perigee Alt. 

A Heat Rate 
A Bank Angle 

3 

-4.9 

0 

-10.0 

0 

6 

287.8 

0 

-10.0 

0 

8 

0.0 

0 

-10.0 

0 

11 

gBBI I 

0 

-9.9 

0 

15 

-.5 

0 

-10.0 

0 


> 
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